[1] The Lagrangian particle dispersion model, FLEXPART, which includes additional parametrizations for transport by subgrid-scale convection and turbulent eddies, is employed to investigate stratosphere-troposphere exchange (STE), based on 15 years of ECMWF global atmospheric reanalysis data (ERA-15). The model was initialized with 500,000 particles, distributed randomly throughout the atmosphere, and these were subsequently advected continually over the reanalysis period. The methodology employed in FLEXPART, allowing various age properties and pathways of air masses to be traced permanently on a very wide range of timescales, is described in detail. Empirical validation of the model results is presented. It is shown that typically more than 95% of the mass of the troposphere at any one time has been in the stratosphere within the preceding year, emphasizing the significance of STE. Cross-tropopause fluxes reveal regions of mean downward net flux in the subtropics flanked by mean upward net flux in the tropics and, more weakly, in the polar regions. Estimates of the mean net downward crosstropopause flux in the northern extratropics agree well with other studies but are shown to be highly sensitive to the choice of latitude at which the extratropics are defined to begin. The mean age of tropospheric (stratospheric) air in the stratosphere (troposphere) is derived and shown to be somewhat underestimated, especially for tropospheric air at higher levels of the stratosphere, due largely to deficiencies in the vertical resolution of the ERA-15 stratosphere. 
Introduction
[2] Stratosphere-troposphere exchange (STE) is an essential element of the three-dimensional global atmospheric circulation, having a central impact on mean atmospheric chemistry budgets in both stratosphere and troposphere. The eventual dispersion of boundary layer pollutants into the stratosphere, and the intrusion of stratospheric ozone into the lower atmosphere are just two examples driven by STE flows. Indeed, STE has many facets, includes many subordinate areas of research, and involves interactions on a very wide range of timescales. As such, any study wishing to summarize STE from a climatological point of view needs to appreciate the broad nature of the term and must challenge competing viewpoints which attempt to limit discussion of STE to some subset of the whole.
[3] The simplest way to encapsulate STE is to think of it in terms of cross-tropopause flux alone (see the comprehensive review of STE by Holton et al. [1995] , discussing the various methods used to define it). This definition, however, can be misleading, since it does not take the subsequent paths of air masses crossing the tropopause into account . In a particular case, very large instantaneous crosstropopause fluxes into the troposphere may be observed, but if the air mass trajectories result in a subsequent rapid return into the stratosphere without mixing into the troposphere, the event will be of little significance for tropospheric chemistry. Clearly much more significant are cases in which stratosphere-to-troposphere transport (here specifically referred to as STT to distinguish it from the general term STE, which refers nonspecifically to exchange in either direction) parcels intrude deeply into the troposphere and have subsequently long residence times there. These parcels will eventually mix with tropospheric air and thereby contribute to the chemical budget of the troposphere.
[4] Deep intrusions of stratospheric air into the troposphere are often associated with tropopause folds related to cyclogenesis in the middle latitudes [e.g., Browning, 1997] or quasi-permanent tropopause folds in the subtropics [Sprenger et al., 2003] . While the initial intrusion takes place rapidly, on timescales of synoptic baroclinic development, the principle of dissipation ensures that much of the descending air mass will reside subsequently for a much longer period of time in the troposphere. The arrival in such cases of stratospheric air rich in ozone has thus a strong impact on the oxidizing capacity of the troposphere [Ebel et al., 1991] , especially considering that as much as 40% of tropospheric ozone may have a stratospheric origin [Roelofs and Lelieveld, 1997] .
[5] Similar arguments apply to flows in the opposite direction, from the troposphere upwards into the stratosphere, referred to as troposphere-to-stratosphere transport (TST). In the extratropics TST flows are frequent [Vaughan and Timmis, 1998 ], but also predominantly shallow and transient in nature since tropospheric air cannot penetrate quickly or deeply into the stratosphere due to the high static stability and the large-scale descent in the lower stratosphere [Holton et al., 1995] . The most effective TST penetration occurs above the tropical convergence zone where a slow mean ascent is observed [Plumb, 1996; Mote et al., 1996] and where convective plumes may top 20 km. In such cases, embedding in the Brewer-Dobson circulation [Brewer, 1949] , which subsequently transports the air into the extratropical stratosphere [Waugh, 1996] , can result in a portion of the TST air staying in the stratosphere for up to several years before its eventual return [e.g., Andrews et al., 2001; Reithmeier, 2001] , having been thoroughly mixed in the mean time with other stratospheric air. Hence, while instantaneous TST mass fluxes across the tropopause may be large in the extratropics, it is the slow TST fluxes, initialized in the tropics, which play the greatest role in stratospheric chemistry, emphasizing again the need to examine both the depth and the timescales of exchange, to gain a meaningful appreciation of STE as a whole.
[6] Foundational estimates of mean net cross-tropopause mass fluxes, which serve as a basis for validating new studies, include those of Juckes [1997 Juckes [ , 2000 who looked at the mean meridional mass flux based on quasi-geostrophic theory and Appenzeller et al. [1996] who estimated the hemispherically integrated monthly net downward flux in the extratropics based on the mass of the lowermost stratosphere and the annual cycles of the residual mean circulation. The drawback of such estimates, quite apart from their not addressing the question of depth of exchange, is that they do not account for the highly episodic nature of STE either [Appenzeller and Davies, 1992] , which is most notable in the extratropics associated with strong meso-scale perturbations of the tropopause. This is especially important in relation to mean residence times, for which climatological mean fluxes can give little indication. In light of this, the traditional method of estimating actual STE fluxes and locations is the Wei method [Wei, 1987] using Eulerian diagnostics [e.g., Hoerling et al., 1993; Grewe and Dameris, 1996; Siegmund et al., 1996] . However, the Wei approach proves to be rather inaccurate, due to cancellations between large numerical terms and high sensitivity to inaccuracies in the underlying data [Wirth, 1995; Wirth and Egger, 1999; Gettelman and Sobel, 2000] , to provide consistent STE flux estimates, especially if gross upward and downward fluxes are compared [Kowol-Santen et al., 2000] . As a result, there has been poor agreement of results from different studies.
[7] To incorporate depth of exchange and the residence time aspect into an STE assessment, the Lagrangian approach [e.g., Wernli and Davies, 1997] is of invaluable benefit. A classical application of Lagrangian ideas is the production of airstream trajectories based on observational wind field data. An early example of such a study, in which the material change of potential vorticity (PV) along the trajectories must be estimated, is that of Danielsen [1968] . Recently, Stohl [2001] produced a one-year climatology of northern hemisphere airstreams, of which STT and TST flows are a subset, using a Lagrangian trajectory model based on operational ECMWF analysis data. Similarly, Wernli and Bourqui [2002] produced a comparable climatology, but looking specifically at STT and TST flows, using a different Lagrangian model. These showed that cross-tropopause mass flux estimates depend critically on the timescales considered as well as on the definition of the tropopause region, particularly on its thickness.
[8] Notwithstanding the advantages of a trajectory approach, such models still have specific limitations which need to be addressed. First, residence times of exchange flows which can be measured are limited by the length of the calculated trajectories, which are usually cut off after 7 to 10 days at the very most. Second, it is known that deep cumulus convection plays an important role for rapid vertical transport in the tropics as well as in the extratropics in the summer half-year and also occurs during the decay of cut-off lows throughout the year. Yet, this is not explicitly resolved in the ECMWF data sets. Thirdly, stratospheric air brought down deep into the troposphere may eventually be mixed to the surface by boundary layer turbulence, which is also not accounted for in trajectory calculations.
[9] A Lagrangian approach which fills these gaps is particle dispersion modeling in which particles act as tracers for specific properties of the air masses they represent while being continually advected. In this paper, the Lagrangian particle dispersion model FLEXPART [Stohl et al., 1998; Stohl and Thomson, 1999] is integrated over the ECMWF reanalysis data set period (ERA-15) to produce a comprehensive 15-year climatology of STE, presenting its typical magnitudes, timescales, seasonality and spatial and interannual variability. Using FLEXPART, estimates of residence times of exchange flows are limited only by the total length of the model integration itself, in this case 15 years, allowing for the first time an explicit assessment of residence times on seasonal and even interannual timescales. Hence, our results compliment and extend the findings of Sprenger and Wernli [2003] , who employ a comparable Lagrangian approach to examine the climatological aspects of STT and TST trajectories, traced for up to 4 days after crossing the tropopause. In chapter 2, the FLEXPART model setup and input data are described. Climatological aspects of STE fluxes and mass distributions useful for validation against results in other literature are detailed in chapter 3 while a summary is drawn in chapter 4.
Other findings relating to the mean climatology of STE and its seasonality are presented by James et al. [2003] .
Model and Input Data Setup
[10] The stochastic Lagrangian particle model FLEX-PART calculates the transport and dispersion of nonreactive tracers, driven by input model-level meteorological data which may be observational or derived from climate model simulations. FLEXPART has been validated with data from large-scale tracer experiments [Stohl et al., 1998] and performs well in comparison with other models [Meloen et al., 2003] . It has been used for studying the intercontinental transport of ozone [Stohl and Trickl, 1999] , the advection of Canadian forest fire emissions to Europe [Forster et al., 2001] and the dispersion of aircraft emissions in the stratosphere [Forster et al., 2003] , for example. Specific validation of STT in FLEXPART has been performed [Stohl and Trickl, 1999; Stohl et al., 2000] and has been compared with measurement data during case-studies of stratospheric intrusions [Cristofanelli et al., 2003] .
[11] For this study, the 15-year ECMWF reanalysis data set (ERA-15 [Gibson et al., 1997] ) was deployed, using a global data coverage for the period 1979 to 1993 with a 6-hourly analysis frequency. All 31 available vertical model levels are used, of which the highest lies at 10 hPa, with a 1°Â 1°resolution in the horizontal derived from spectral fields with a resolution of T106. The fields specifically required by FLEXPART include fully 3-dimensional wind, temperature and specific humidity, stored on model-levels, as well as surface fields used for FLEXPART parametrizations, such as turbulence and convection. ERA-15 is the most comprehensive and accurate long-term homogeneous meteorological data set currently available from ECMWF, at least up to the tropopause region. However, it has a model top at 10 hPa and a coarse vertical resolution in the stratosphere (the uppermost model levels are at 110, 90, 70, 50, 30, and 10 hPa) and enhanced diffusion is applied close to the model top, which affects the accuracy of stratospheric winds. ERA-15 is too warm above 100 hPa in the tropics, compared to measurement data [Pawson and Fiorino, 1998a] and it underestimates the amplitude of the quasibiennial oscillation (which is even unrealistic at 10 hPa) [Pawson and Fiorino, 1998b] for which a high vertical resolution of the order of 500 m would be needed in the stratosphere [Baldwin et al., 2001] . Furthermore, the crossequatorial mass fluxes above 100 hPa cannot be regarded wholly accurate [Pawson and Fiorino, 1998a] . These points suggest that the Brewer-Dobson circulation is also not likely to be realistically captured by ERA-15. This can also be inferred from results by Rind et al. [1999] who showed how reducing the vertical resolution of a general circulation model in the stratosphere to that typical for the ERA-15 data results in a significantly weaker Brewer-Dobson circulation. Therefore, we focus on STT and on extratropical TST, and do not study transport features at higher stratospheric levels.
[12] The tropopause is defined in FLEXPART as a dynamical tropopause polewards of 30°and a thermal tropopause equatorwards of 20°. Between these latitudes, the two definitions are linearly interpolated. The dynamical tropopause is represented by the PV surface of 2 pvu (where 1 pvu = 10 À6 K m 2 kg À1 s À1 ), in common with many other studies [e.g., Holton et al., 1995; Appenzeller et al., 1996] , while the thermal tropopause is the lower boundary of a layer with a thickness of 2 km, in which the temperature gradient is lower than 2 K km À1 [Hoinka, 1997] . The dynamical tropopause definition polewards of 30°allows for the existence of a multiple tropopause in a vertical profile and thus for possible tropopause folds.
[13] The FLEXPART integration was set up for starting on 1 January 1979 with 500,000 particles initialized with a random but homogeneous distribution throughout the global atmosphere, in proportion with air density. The number of particles used was found to be an optimum between the need for a sufficient level of derived statistical significance and the amount of model integration time required for such a calculation. The particles were then continually advected throughout the 15-year integration with no sink or source of new particles. During the integration, stochastic fluctuations, obtained by solving the Langevin equations [Stohl and Thomson, 1999] , are superimposed on the grid-scale winds to represent transport by turbulent eddies. In the atmospheric boundary layer (ABL) turbulence is parametrized in detail, but in the free troposphere it is simply dependent on wind shear. As in other models, turbulence in the free troposphere is a poorly parametrized process, with large uncertainties in both magnitude and location and time of occurrence.
[14] The large-scale effects of convection, such as the strong ascent at the intertropical convergence zone or line convection in warm conveyor belts, are reproduced in ECMWF data. However, smaller scale convective cells are not resolved. To counter this problem, such subgrid-scale deep convection is parametrized in FLEXPART using the scheme of Emanuel and Zivkovic-Rothman [1999] . The scheme utilizes the grid-scale temperature and humidity data, providing a uniform treatment of all moist convection types (i.e., shallow to deep). A displacement matrix is calculated for every model column and displacement probabilities for individual particles are derived. The scheme was tuned such that it best reproduces the convective precipitation fields that were generated on-line by the ECMWF model and are available in the ERA-15 data set, in order to be as consistent as possible with the driving meteorological model. The implementation and testing of the scheme has been described by Seibert et al. [2001] . Turning on the convection scheme in FLEXPART has only a moderate effect on results in the extratropics. However, it has a significant influence in the tropics, helping to drive more realistic transport amplitudes than the raw ECMWF data could account for.
[15] During the subsequent integration, each particle traces 5 different properties of the air, which are carried by respective time flags. The 5 properties (species) represent different source layers of the atmosphere, defined primarily by potential vorticity (PV). These 5 species are listed in Table 1 . The first two are for stratospheric air. The first of these, defined by PV > 4 pvu, is for air sourced above, and not including, the stratospheric part of the tropopause region (TPR). Note that, for the purposes of this study, the TPR is considered to be the region immediately above and below the tropopause, bounded between the 4 pvu and 1 pvu surfaces, respectively. The TPR is thus the region within which transient, quasi-reversible cross-tropopause flows are bounded, as opposed to deep, irreversible STE flows which extend beyond the TPR. Note also that the upper TPR is not coincident with the lowermost stratosphere, defined traditionally as the region bounded above by the 380 K isentrope [Holton et al., 1995] . The second species is for all stratospheric air, including the TPR layer directly above the tropopause (PV > 2 pvu). The third species further extends the definitions of the first two by also including the TPR layer below the tropopause (hence PV > 1 pvu). This extension of the species definitions to include separate treatments of the TPR is important for allowing questions about the depth and significance of the layer over which STE typically occurs to be addressed adequately. Additionally, these first 3 species are also required to be sourced at least 1 km above the height of the local orography. This is necessary since intense surface cooling can result occasionally in local PV values exceeding 2 pvu in the ABL over topography, even though stratospheric or TPR air is clearly not involved. The fourth species exclusively represents tropospheric air (PV < 2 pvu) and the last species boundary layer air sourced below the ABL top. The ABL depth itself is determined using the parametrization of Vogelezang and Holtslag [1996] which works for both stable and convective ABLs.
[16] Note that the PV definitions of these surfaces are applied only polewards of 30°. As described earlier for the tropopause definition, corresponding thermal definitions were used equatorwards of 20°. These were selected such that, on average, thermal and dynamical definitions agree best in the latitude belt 20°-30°, where the two surfaces were linearly interpolated. The 2 pvu surface fits with the WMO definition of the thermal tropopause and analogous criteria were used for the 4 pvu and 1 pvu surfaces respectively.
[17] Whenever a particle leaves a source level for one or more of the species, the time flag (clock) for that species on that particle begins counting. Similarly, when a particle enters a source level for a species, the clock for that species and particle is reset to zero. Hence, residence times of air masses away from their source levels, until their (eventual) return, can be determined. To reduce the total residence time information into a manageable data set and allow a convenient statistical assessment of typical residence times to be made, the residence times are boxed into 14 age classes, as listed in Table 2 . These range from less than 6 hours to more than one year. Older age classes would have been less useful because of the poor representation of the BrewerDobson circulation in the ERA-15 data. A 15th age class is also used for particles with species which have not yet been initialized, having never yet entered a certain layer. Species indeed become initialized on the vast majority of particles within the first two years of integration. For example, at the end of the first year (1979), approximately 4.3% of the mass of the troposphere had not yet been in the stratosphere. By the end of the second year this fraction had fallen to 0.15% and had fallen further to just 0.004% by the end of the third year. By 1993, all particles had been at least once in the stratosphere.
[18] The model output is produced on a monthly mean basis. First, mixing ratios and concentrations of each species and for each age class are produced on a 3D grid. To achieve this, the particle trajectory positions are not stored permanently themselves, but the output fields are computed every model time step of 900 s and subsequently averaged. The output data is separated into stratospheric and tropospheric results, by operationally determining whether the particle positions are currently above or below the tropopause (independent of source), thus contributing its tracer data to a stratospheric or to a tropospheric results data set. This separation is necessary since the tropopause height fluctuates considerably and so it would be otherwise hard to interpret the meaning of average tracer concentrations near the height of the mean tropopause. The output grid was optimally chosen to have a 3°latitude by 5°longitude horizontal resolution and 14 height levels in the vertical, ranging from 500 m to 27 km above local orography, the vertical interval increasing stepwise with height. Explicitly computed mean ages of each species, separated into stratospheric and tropospheric results, are also produced on this output grid.
[19] Furthermore, mass fluxes of the tracers as a function of age class across a number of control surfaces are produced on the horizontal axes of the above grid. Twelve control surfaces are used: 6 pressure surfaces (850, 700, 500, 300, 200, 100 hPa), 4 PV surfaces (1, 2, 4, 10 pvu), the ABL top and 500m above the local orography. The mass fluxes are separated into upwards, downwards and net fluxes, while each of these total mass fluxes is further separated into turbulent, grid-scale, convective and local tendency components, the latter being due to altitude changes of the control surface.
[20] During the integration the particle distribution was frequently sampled to test for homogeneity. This confirmed that the particles remain very homogeneous throughout, with no tendency for any shift in mean altitude or meridionality to occur. After completing the integration, the final set of 168 monthly mean data sets was averaged as a whole to produce a general climatological picture of STE. Note that the year 1979 is excluded from the results since the populations of older age classes in particular require a certain spin-up time before reaching equilibrium. Various subsets of the data were also averaged to tackle questions relating to seasonality, 
Validation
[21] Before specific aspects of the climatology itself can be discussed, it is of paramount importance to validate first some basic output quantities against results elsewhere in the literature, to confirm that the model integration has performed as intended. A useful global quantity is the mean net cross-tropopause mass flux, as defined by the 2 pvu surface. The climate mean seasonal cycle of this net flux is shown in Figure 1 . A number of aspects of this picture can be anticipated from a knowledge of the general circulation, such as the mean net upward flux above the inter-tropical convergence zone (ITCZ), especially during the northern summer when the ITCZ shifts northwards over regions where a greater percentage of land surface (than further south) induces more intense convective cells. Over the subtropics and midlatitudes up to about 50°N and 50°S, respectively, a mean net downward flux is seen, where midlatitude troughs extend towards the subtropics. Polewards of these regions, by contrast, a mean net upward flux is seen, typically associated with warm conveyor belts, especially those which stream polewards and westwards of blocking anticyclones.
[22] The presence of mean net upward fluxes across the tropopause in polar regions may seem to contradict the traditional view of the Brewer-Dobson circulation as proposed by Brewer [1949] , which envisages air moving into the stratosphere in the tropics and descending into the troposphere in the extratropics. However, more recent calculations of air motions relative to PV surfaces [Hoerling et al., 1993; Grewe and Dameris, 1996] and theory presented by Juckes [1997] have shown that such a mean net upward flux can be anticipated on the polar side of the baroclinic zone, whereby in some cases trajectories associated with this upward flux may in fact be descending in altitude, but more slowly than the local slope of the tropopause which they subsequently cross into the stratosphere. Sprenger and Wernli [2003] also find a region of mean net upward cross-tropopause fluxes in the northern hemisphere, albeit only very weakly so and limited to the Arctic. Furthermore, their latitudes of maximum net downward flux and of the crossover lines of zero net flux in the subtropics and towards the polar regions are all typically about 5°further north than in our results. Their findings are based, however, on only the subset of cross-tropopause trajectories whose subsequent residence times exceed 96 hours, whereas our estimates utilize all trajectories, including those of a transient nature of which there are a substantial number [see James et al., 2003] ; and they do not use parametrizations for convection and turbulence.
[23] Figure 1 further indicates that there are considerable differences in mean net flux amplitudes between the two hemispheres. The regional mean net downward flux in the southern subtropical to midlatitudinal belt (21°to 51°S) is 2.8 Â 10 10 kg s À1 compared to 2.4 Â 10 10 kg s À1 for the equivalent northern hemisphere region. An even greater difference is seen over the respective polar regions where the mean net upward flux in the southern hemisphere of 1.7 Â 10 10 kg s À1 is much larger than in the northern hemisphere (1.1 Â 10 10 kg s
À1
).
[24] The mean total cross-tropopause flux over the northern extratropics in winter (DJF), derived from the values plotted in Figure 1 can be compared with other estimates summarized by Gettelman and Sobel [2000, Figure 8 ]. If we define the extratropics as starting at 28°N, as they have done, our results give an estimate of almost exactly 100 Â 10 8 kg s À1 net downward flux, which lies just below the comparable budget estimates of Gettelman and Sobel [2000] and Appenzeller et al. [1996] , which are about 20% and 40% higher respectively. However, the estimate is clearly highly sensitive to the definition of the extratropical boundary. In our findings, the mean net downward fluxes in the subtropics continue to around 21°N, which would appear to be a better definition of the boundary for these purposes. Using this latter definition, our total net flux estimate increases to 165 Â 10 8 kg s
, somewhat higher than both budget estimates.
[25] To validate the seasonal cycle of the extratropical net cross-tropopause fluxes our fluxes for the years 1992 and 1993 are compared in Figure 2 with those estimated for this period by Appenzeller et al. [1996, Figure 8] . Although the annual mean net flux and the phase of the seasonal cycle are rather similar to our own, the amplitude of our seasonal cycle and month-to-month variability is significantly larger. During some summer months, there is even net TST, in contrast to the Appenzeller et al. study. This indicates that budget estimates fail to resolve sufficiently those seasonally varying aspects of the general circulation important for variations in the mean net fluxes.
[26] The year-to-year robustness of the model integration and the ERA-15 data upon which it is based is illustrated in Figure 3 , which shows the interannual variations of the net cross-tropopause fluxes, averaged over the five intrinsic zonal regions of the globe as defined by the mean sign of the net fluxes, respectively. The interannual variability of these net flux estimates, which is not insubstantial, is composed of a superposition of the intrinsic variability of the net flux magnitudes within each of the five regions and the effect of meridional shifts of the zonal mean position of these regions; the latter evidenced by considerable anticorrelations in net flux contributions from adjacent regions. Notwithstanding this latter effect, the interannual variability has a generally lower magnitude than the respective sea- sonal cycles. No significant trends can be detected, but the series for the region north of 51°N indicates a sudden jump to higher values during 1986, which coincides with changes in the satellite observing system that were noted previously to cause a discontinuity in the ERA-15 data set [Trenberth et al., 2001; Kållberg, 1997] . Other discontinuities in the ERA-15 data (e.g., one in 1989) were found by Trenberth et al. [2001] , which possibly coincide with smaller discontinuities in our net STE fluxes. This renders trend studies of STE, based on ERA-15 data, unreliable. However, the time series appear robust enough to study the seasonality and interannual variability of STE.
[27] Another aspect of the model calculations which needs to be checked is that the mean relative contributions of the four component fluxes to the total flux are realistic. As shown in Table 3 , the turbulent flux dominates strongly across the 850 hPa surface where considerable ABL turbulence is to be expected. Here, the convective flux contribution is typically around a quarter of the grid-scale flux contribution, being almost twice as high in the tropics than elsewhere. Across the 500 hPa surface the grid-scale fluxes dominate, while large turbulent fluxes are only found over major mountain ranges where the ABL may sometimes extend beyond this pressure level. In contrast to looking at pressure surfaces whose vertical motion is relatively negligible, the contribution from the local tendency term becomes far more significant for fluxes across PV surfaces, accounting for nearly one half of the total flux amplitudes at the 10 pvu surface. Here, well into the stratosphere, the turbulent flux contribution has dropped to less than 2% of the total while the convective fluxes are negligible, except perhaps in the tropics, where the Emanuel convection scheme [Emanuel and Zivkovic-Rothman, 1999 ] is capable of simulating detrainment from overshooting cumulo-nimbus tops. Note that although convective fluxes at 10 pvu are relatively small, they are nevertheless important, as they deposit plumes of lower tropospheric air directly into the stratosphere.
[28] A useful statistic for describing the mean distribution of STE air masses is the mean age of tracers outside of their respective source regions. Illustrative climate mean ages of STT air in the troposphere and TST air in the stratosphere are shown in Figure 4 , respectively. As described in more detail James et al. [2003] , most STT flows entering the troposphere penetrate no further than the upper troposphere. Deep STT reaching the lower troposphere becomes successively rarer with decreasing altitude so that the mean age of STT air increases with depth. The highest mean STT ages are of the order of 4 months in the tropics where the trade-wind circulations slowly gather old STT air originating in midlatitude and subtropical deep intrusions.
[29] For TST flows on the other hand, the inherently high static stability of the stratosphere hinders rapid ascent of TST air masses. As a result, the mean age of TST air increases quickly with height. Nevertheless, a gradual entrainment of TST air into the slow Brewer-Dobson circulation does occur, transporting some of this air, which is typically injected into the stratosphere in the tropics above the ITCZ, towards the poles. The mean TST ages at about 18 km in the middle latitudes is about 500 -600 days. Andrews et al. [2001] derive a somewhat higher mean age of about 2.5 years in the same region, based on carbon dioxide observations. They show that the age spectrum in this region is composed of two independent age distribu- Table) and Across the 2 and 10 pvu PV Surfaces (Lower Table) a Region 850 hPa 500 hPa tions, one with a peak at less than half a year, the other with a peak at around 6 years, which is related to descent of aged air from the overworld. Similar mean ages were simulated by Reithmeier [2001] in a climate model simulation with a fully Lagrangian transport scheme and compared with SF 6 concentrations.
[30] Eluszkiewicz et al. [2000] have shown that age estimates are strongly sensitive to the choice of advection scheme, whereby semi-Lagrangian schemes typically underestimate ages the most. Nevertheless, such problems must always be bourne in mind when deriving age-of-air estimates. Comparison with observational estimates suggests that, up to altitudes of about 20 km, our model estimates are fairly realistic, but at higher altitudes they underestimate the mean age considerably. Park et al. [1999] , for example, shows that the mean age typically exceeds 8 years in the polar vortices at around 24 km altitude. Hence, it appears that the underestimate of mean age in our model in the lower stratosphere is largely caused by the severe underestimation of mean age in the uppermost regions of the reanalyzed stratosphere. This in turn appears to be due to the Brewer-Dobson circulation not being adequately captured by the ERA-15 data.
Summary
[31] A specially tuned version of the Lagrangian particle dispersion model, FLEXPART, has been employed to undertake a comprehensive study of STE, based on 15 years of ECMWF global atmospheric reanalysis data. The goal of this work is to produce a detailed climatology of STE, showing its typical amplitudes, timescales, seasonality and spatial and temporal variability, focussing in particular on deep and long-lasting exchange. Hence, a much broader view of STE than has previously been possible is enabled with this study. All the main findings relating to this climatology are presented by James et al. [2003] . In this first paper, the model setup and the experiment methodology employed, in which a large number of particles are traced permanently and globally, allowing various age properties and pathways of air masses to be assessed on a very wide range of timescales, has been described in detail. Then, in order to provide a solid foundation for discussing the STE climatology in part B, some aspects of net mass fluxes and distributions with respect to tracer age have been validated against other results in the literature.
[32] Typically more than 95% of the mass of the troposphere at any one time has been in the stratosphere within the preceding year, emphasizing the significance of STE. Cross-tropopause fluxes reveal regions of mean downward net flux in the subtropics flanked by mean upward net flux in the tropics and, more weakly, in the polar regions; this latter result being a relatively recent discovery. Estimates of the mean net downward cross-tropopause flux in the northern extratropics agree well with other studies but are shown to be highly sensitive to the choice of latitude at which the extratropics are defined to begin. The mean age of tropospheric (stratospheric) air in the stratosphere (troposphere) is derived and shown to be somewhat underestimated, especially for tropospheric air at higher levels of the stratosphere, due largely to deficiencies in the vertical resolution of the ERA-15 stratosphere.
[33] The validation results demonstrate that the model integration has performed as anticipated, yielding statistics which compare well with other studies, paving the way for the more detailed results of James et al. [2003] . 
